Objective To prospectively compare reduced-dose (RD) CT colonography (CTC) with standard-dose (SD) imaging using several reconstruction algorithms. Methods Following SD supine CTC, 40 patients (mean age, 57.3 years; 17 M/23 F; mean BMI, 27.2) underwent an additional RD supine examination (targeted dose reduction, 70-90 %). DLP, CTDI vol , effective dose, and SSDE were compared. Several reconstruction algorithms were applied to RD series. SD-FBP served as reference standard. Objective image noise, subjective image quality and polyp conspicuity were assessed. Results Mean CTDI vol and effective dose for RD series was 0.89 mGy (median 0.65) and 0.6 mSv (median 0.44), compared with 3.8 mGy (median 3.1) and 2.8 mSv (median 2.3) for SD series, respectively. Mean dose reduction was 78 %.
Introduction
Colorectal cancer (CRC) is the third most common cancer diagnosed in men and women in the United States (US) and the third leading cause of cancer death, despite the fact it has a 90 % cure rate when detected early [1] . Several reliable screening tests for CRC are available; however, only about half of adults over 50 are currently undergoing recommended screening in the US [2] . CT colonography (CTC) is a valuable tool in screening for colorectal cancer, which is as accurate as optical colonoscopy for polyps>10 mm in average risk patients, but is less invasive and does not require sedation [3] [4] [5] . However, there has been some concern over the ionizing radiation exposure associated with CTC [6] . Boellaard et al. collected CTC protocols from 58 institutions and found the median effective dose for daily practice protocols was 7.6 mSv and 4.4 mSv for screening protocols [7] . Several groups have done a risk-benefit analysis of the radiation risks associated with CTC compared to the potential benefits of screening, and have found that the benefits clearly outweigh the risks [8, 9] . However, given the theoretical risks associated with ionizing radiation, a variety of methods have been employed to continue to decrease the radiation dose associated with CTC as low as possible [10] [11] [12] [13] [14] [15] [16] .
With newer reconstruction methods involving iterative reconstruction techniques, the CTC dose has been reduced considerably, into the milliSievert (mSv) range in some cases [17] [18] [19] [20] . We previously retrospectively evaluated the use of a prior image constrained compressed sensing (PICCS) reconstruction algorithm in CTC [21] . The purpose of this study was to prospectively evaluate low dose (generally submilliSievert) CTC in a series-matched cohort using several reconstruction techniques, including PICCS, as well as model-based iterative reconstruction (MBIR; Veo, GE Healthcare, Waukesha, WI) and adaptive statistical iterative reconstruction (ASIR; GE Healthcare, Waukesha WI).
Materials and methods
This prospective study was HIPAA-compliant and approved by the institutional review board. All subjects provided written informed consent.
Study population, preparation and scanning Eligible patients included adult men and non-pregnant women scheduled to undergo CTC as part of their routine clinical care. Study dates ranged from 3/29/2011-8/13/2013. All patients underwent standard preparation prior to CTC. On the day prior to the CTC, patients were restricted to a clear liquid diet and received two 5-mg bisacodyl tablets taken before 11:00 AM. Patients then took 296 mL of magnesium citrate solution (Sun-Mark, San Francisco, CA) divided into 2 doses separated by 3 hours, 3-6 hours after the bisacodyl. Patients also received 250 mL of 2 % wt/vol barium sulfate (Readi-Cat 2; E-Z-Em, Lake Success, NY) and one bottle (60 mL) of sodium diatrozoate/diatrozoate meglumine (MD-Gastroview; Mallinckrodt, Hazelwood, MO) taken 2-3 hours after the barium sulfate. At the time of the examination, a balloon-tipped rectal catheter was placed and automated CO 2 delivery was used for colonic distention (PROTOCO 2L , Bracco Diagnostics, NJ).
All patients were scanned on a 64-slice multidetector CT (MDCT; Discovery CT 750 HD, GE Healthcare, Waukesha, WI). Imaging parameters included a collimated slice thickness of 0.625 mm at the isocenter, 120 kV, automatic tube current modulation (30-330 mA, SmartmA, GE Healthcare) and a study-specific noise index (NI) of 50 for the standard-dose (SD) series (Appendix 1). For the reduced-dose series, based on prior retrospective data [21] , we targeted a dose level of 10-30 % of our clinical scans (ie, 70-90 % dose reduction). We adjusted the NI of the clinical protocol to achieve this dose reduction goal, enabling us to perform one additional reduced-dose scan at a net dose equal to our routine clinical examinations.
For each patient, the routine supine CTC with the standard protocol was initially performed. Immediately following this series, a second dose-modified supine scan (targeted dose reduction in range of 70-90 %) was added. The NI and tube current range were adjusted to achieve the targeted dose reduction as above. This was followed by a standard-dose prone and/or right lateral decubitus CTC series.
The prospective study cohort was comprised of 40 adult subjects (23 females, 17 males; mean age, 57.3 years) undergoing CTC. The mean patient body mass index (BMI) was 27.2 (median 28.1, range 18.4-38.2). Fifteen subjects (38 %) were obese (BMI>30). A total of 7 polyps were detected in this cohort (mean size 10 mm, range 6-19 mm).
Radiation dose metrics
The volume computed tomography dose index (CTDI vol , mGy) and dose-length product (DLP, mGy*cm) were recorded for matching the standard-dose and dose-modified series. In addition, effective dose (mSv) was obtained from the DLP using the conversion factor 0.015 mSv/mGy*cm recommended by the American Association of Physicists in Medicine [22] and verified by Deak et al. [23] . The recently recommended size-specific dose estimate (SSDE) [24, 25] was also generated, using our previously described method [26] .
CT image reconstruction The standard-dose supine and prone CTC series were reconstructed using filtered back projection (FBP). The reduced-dose supine CTC series was reconstructed using multiple techniques including FBP, ASIR, MBIR and PICCS, an additional iterative reconstruction technique. For the ASIR series, a 40 % blend was applied, as has been reported in the literature [19, 27, 28] . The Veo reconstruction engine consists of 14 clustered computer nodes; each node is equipped with four 150-quad-core 2.53 GHz Xeon E5540 CPUs (Intel, Santa Clara, CA) and 12 GB of memory. The reconstruction speed varies for different reconstruction volume sizes and scanning protocols. In this study, it took about 90 minutes to reconstruct the supine CTC volume with 600 slices of a 0.625 mm slice thickness. PICCS was applied to reconstruct images using a standard PC (Dual Intel Xeon 2.33 GHz CPUs, 8 GB RAM) with an Nvidia GeForce GTX TITAN graphic card (2688 CUDA cores) at four frames per second (fps), which results in a reconstruction time of 2.5 minutes for the same image volume with a 0.625-mm slice thickness [29] . Using the PICCS reconstruction algorithm, the traditional trade-off between noise level and spatial resolution is de-coupled to achieve both low noise and high spatial resolution CT reconstruction, as described previously [21, 30] .
Images were then sent to a picture archiving and communication system (PACS) (McKesson, San Francisco, CA) reconstructed at a 1.25-mm section thickness and 1-mm reconstruction interval. Images were also sent to a 3D stand-alone workstation (Viatronix, StonyBrook NY) for review.
CT image analysis
Objective image noise was measured at six sites on the 2D images, including two parenchymal sites (right hepatic lobe, left kidney), two subcutaneous fat sites (right and left flanks) and two colonic air column sites (transverse colon and rectum) (Fig. 1 ). All regions of interest (ROIs) were placed by a single observer using a 100-mm 2 round ROI. ROI placement on each reduced-dose series was matched exactly because the ROIs were derived from the same dataset. ROI placement on the standard-dose images was matched as closely as possible to that on the reduced-dose series.
Evaluation of both 2D and 3D image quality was performed by three blinded readers with varying levels of ROIs were placed in homogeneous areas without vessels, soft tissue stranding, etc experience (one first year radiology resident, two fellowshiptrained abdominal radiologists with 6 yrs and 10 yrs of experience). All readers were blinded to the series being read (included SD-and RD-dose series of varying reconstructions, five series total per patient) and each series was presented in random order by patient. 2D image quality was evaluated at two sites, the level of the portal venous bifurcation and in the pelvis at the level of the sacroiliac joints. 3D image quality was assessed at the level of the rectal catheter and the ileocecal valve (Figs. 2 and 3 ). Image quality was graded on a five-point Likert scale from 0 to 4 (0 for non-diagnostic, 1 for severe artefact with low confidence, 2 for moderate artefact or moderate diagnostic confidence, 3 for mild artefact or high confidence, and 4 for well seen without artefacts and high confidence of detecting a lesion>5 mm) as reported previously by Flicek et al. [19] . To improve separation, 0.5 interval scores were allowed.
Given the low number of polyps in this cohort, a true assessment of diagnostic accuracy was not possible. However, a polyp conspicuity assessment was performed on the 3D images by all three readers for all series for the seven polyps on this cohort using a five-point polyp conspicuity scale (0 for not seen, 1 for poorly depicted or obscured, 2 for moderately well depicted or partially obscured, 3 for fairly well depicted or mildly obscured, and 4 for well-marginated/well-seen) (Fig. 4) .
Statistical analysis
Continuous variables (age, noise, attenuation, image quality) were summarized with the mean, standard deviation, quartiles, minimum, and maximum; categorical variables (gender) were summarized with frequency counts and percentages. A onesample Wilcoxon rank sum test was used to test the hypothesis that the RD/SD dose fraction is equal to one. Kruskal-Wallis tests were used to compare the distribution of continuous variables across groups. Linear mixed effects models were used to model noise and attenuation [SD and mean of the HU (Hounsfield unit) over the ROI, respectively) as a function of reconstruction and the organ (fixed effects) with a random subject-dependent intercept [31] . The addition of interaction terms was assessed via a likelihood ratio F test; the models were fitted via the maximum likelihood to make such a test valid. For image quality, linear models were considered as above, with the addition of reader as a fixed effect. BlandAltman 95 % limits of agreement were also obtained for every combination of reader and modality. The calculations took into account the multiple features being rated within each subject (2D PV, 2D SI, etc.) [32] .
The criterion for statistical significance was P<0.05 (twosided). R-3.1.0 software was used for all statistical analyses [33] . Exploratory and diagnostic plots were used to assess possible violations in model assumptions.
Results
The radiation dose metrics of the standard-dose series are summarized in Table 1 . The mean effective dose for the standard-dose series was 2.8 mSv, compared to 0.6 mSv for the reduced-dose series, a mean dose reduction of 78 %. Thirty six of forty (36/40) cases had a reduced-dose series effective dose≤1 mSv, and 38/40 had a dose≤1.1 mSv. The two cases with a dose greater than 1.1 mSv had BMIs of 36 and 38. The dose reduction was statistically significant (P<0.001).
The RD-PICCS and RD-MBIR images had the lowest objective image noise at all six of the measured sites, including the standard-dose series (Fig. 5) . The overall mean image noise was 46.5±14.3 for the SD images, 24.3±19 for RD-PICCS, 19.1±17.8 for RD-PICCS, 71.6±26.8 for RD-ASIR, and 90.0±32.6 for RD-FBP. The RD series reconstructed with PICCS and MBIR showed statistically less noise than the other RD series (P<0.001), but also statistically less noise than the SD series (P<0.001).
The 2D and 3D image quality scores of the RD series were all significantly lower than the SD series (P<0.001 for all series except MBIR (P=0.008 2D, P=0.01 3D) ( Table 2 , Fig. 4 Polyp conspicuity assessment. 3D images at the level of the rectal catheter demonstrate a 7-mm sessile hyperplastic polyp in a patient with a BMI of 22.9. SD series effective dose was 1.25 mSv, RD series effective dose was 0.32 mSv. Note the conspicuity of the polyp on SD-FBP (a), RD-PICCS (c), and RD-MBIR (d), compared to RD-FBP (b) and RD-ASIR (e). Fig. 6 ). In addition, when comparing the reduced-dose series, the RD-PICCS series had significantly higher 2D and 3D image quality scores than the RD-ASIR and RD-FBP (P<0.001), but slightly lower image quality scores than RD-MBIR (P=0.003 2D, P<0.001 3D) (Fig. 7) .
There was no statistically significant difference in polyp conspicuity scores between SD-FBP and RD-PICCS and RD-MBIR (SD-FBP 3.5±0.6, RD-PICCS 3.2±0.8, RD-MBIR 3.3 ± 0.6, P = 0.1, 0.4). Polyp conspicuity scores for the other low dose series were statistically significantly lower (RD-ASIR 2.6±0.7, RD-FBP 2.4±0.9, P<0.001) (Figs. 8, 9 and 10).
Discussion
CTC has been shown to be an excellent, non-invasive method of colon cancer screening in a time where there is an urgent and increasing need to improve screening rates of this common but preventable and treatable cancer. However, there have been some concerns about the ionizing radiation associated with the exam when applied to a large screening population. Survey data from over 50 institutions performing CTC 5 Image noise by reconstruction. Image noise was measured at two parenchymal sites, two colonic air column sites, and two fat attenuation sites and was averaged overall. Note that the RD-PICCS and RD-MBIR series had the lowest noise at every site, and overall. The noise was statistically lower on these series compared to the other low-dose series (RD-FBP, RD-ASIR) but also compared to the standard-dose series (FBP std) demonstrates the median effective dose for daily practice protocols was 7.6 mSv and screening protocols 4.4 mSv [7] . Berrington de Gonzalez et al. performed a risk benefit analysis for CTC using an effective dose between 7-8 mSv and found that up to 5,190 colon cancers per 100,000 individuals screened could be prevented every 5 years, compared to the possibility of 150 radiationinduced cancers per 100,000 individuals screened, yielding a risk benefit ration of up to 35:1 [8] . Although this is already very favourable for CTC, the more we can reasonably reduce the dose without sacrificing its diagnostic ability, the better. Given that CTC is a fairly high contrast task, detecting soft-tissue or contrast-coated polyps largely against a background of colonic air, moderate to large dose reduction should be an achievable goal, particularly with technological advances such as iterative reconstruction algorithms. Fisichella et al. found that dose reduction to the 1 mSv level at CTC led to significantly higher cobblestone artefacts and poorly delineated folds, but that perception of polyps≥6 mm was not impaired [14] . Flicek et al. found that the addition of ASIR reconstruction preserved image quality at dose reductions up to 50 % [19] . However, both this group and Ginsburg et al. found that increasing BMI impairs low dose CTC images, and Ginsburg et al. proposed BMI-based dose tailoring [11] . Gryspeedt et al. used a structure-preserving, diffusion de-noising method in 31 patients scanned with a sub-mSv technique and found this technique reduced noise and improved signal to noise ratios compared to sub-mSv images reconstructed without this technique [17] . Lambert et al. also pushed the dose into the submSv range in 16 patients using a hybrid iterative reconstruction technique and found that all segments were rated as evaluable on the low dose series reconstructed with iterative reconstruction [18] . However, no polyp assessment was performed in this study. Yoon et al. looked at polyp detection in a porcine phantom using Fig. 7 3D image quality assessment at the ileocecal valve. 3D images from CTC in a 53-year-old male with a BMI of 31.3, effective dose (SD) of 2.33 mSv, effective dose (RD) of 0.48 mSv. As with the 2D image quality scoring, the standard-dose images (a) received the highest image quality scores, followed by RD-MBIR (d), RD-PICCS (c), which were scored significantly higher than the RD-ASIR (e) and RD-FBP (b). This same patient also had a 7-mm sigmoid tubular adenoma, shown here on SD-FBP (f), RD-FBP (g), RD-PICCS (h), RD-MBIR (i) and RD-ASIR (j). The SD-FBP (f), RD-PICCS (h) and RD-MBIR (i) received similar polyp conspicuity scores, higher than RD-FBP (g) and RD-ASIR (j) low-dose images reconstructed with ASIR and MBIR and found improved diagnostic performance in these images compared with images reconstructed with FBP at the same dose [20] . However, this study did not include any human subjects. Our prospective results are concordant with these findings and are a natural extension of these works, also suggesting that sub-mSv CTC may be feasible.
Using iterative reconstruction techniques, including MBIR or PICCS, image noise was reduced below the level of the standard-dose images, which prevents cobblestoning and distortion on 3D CTC images. In addition, although image quality was slightly lower on the reduced-dose 2D images (and 3D images to a lesser extent) compared to the standard-dose images, polyp conspicuity was preserved at the same level as the standard-dose images on those reduced-dose series reconstructed with PICCS and MBIR. Part of the reason for this may be that the smoothing that occurs with iterative reconstruction may be somewhat unappealing on 2D images to radiologists who are not used to it, and may reduce 2D image quality scores. However, on 3D images, this smoothing reduces artefacts seen at low doses and emphasizes polyps against this smoother background, making these reconstruction algorithms ideal for this type of application. At many institutions, a primary read using 3D images is performed, with 2D problem solving [34] , making the image quality and polyp conspicuity on the 3D series particularly critical. There are some limitations to this study. There were a small number of polyps in this prospective cohort. Therefore, although polyp conspicuity was assessed, true polyp detection and characterization (diagnostic accuracy) could not be performed. Although image quality and objective image noise assessments are important metrics in assessing dose reduction, these may not necessarily correlate with diagnostic accuracy and, therefore, independent assessment of diagnostic accuracy is also critical. Further assessment of these polyp identification and characterization tasks needs to be performed in a cohort with a larger number of polyps. Extra-colonic findings were not assessed in this study, but focal lesion detection has been evaluated in a larger population that includes a portion of this cohort as part of this ongoing prospective trial [35] . Although the average effective dose was < 1 mSv here, not every single patient in the cohort (4/38) was imaged with a sub-mSv dose. The two patients with doses > 1.1 mSv had BMIs of 36 and 38, and this is an ongoing challenge in reducing dose. However, this still compares very favourably to the current practice of many institutions, where median doses for screening are 4.4 mSv [7] . Only one of the two series (supine) was performed at a reduced dose. A prone or right lateral decubitus reduced-dose series was also not performed, although the supine results should be relatively generalizable to a series obtained in other positions (prone, right lateral decubitus). It was difficult to totally blind readers to the reduced-dose series, particularly with 2D images, as the reduced-dose images were noisier than the standard dose in many cases. Our analysis of image quality and polyp conspicuity treated these ordinal ratings as continuous. The validity of assigning integer scores to the ratings relies on having the categories be equidistant. Although it is possible that this might not be the case, we opted for this analysis because the statistical methods for Fig. 10 Polyp conspicuity. 3D images from a 66-year-old male with a BMI of 36 with a 7-mm sessile polyp in the ascending colon. This was one of the largest patients in our series, and even a small polyp remains conspicuous on SD-FBP (a), RD-FBP (b), RD-PICCS (c), RD-MBIR (d), RD-ASIR (e). The effective dose of the low dose series was 2.6 mSv, compared to 8.8 mSv for the standard dose the analysis of ordinal responses are computationally unwieldy and hard to interpret.
In conclusion, our study showed that iterative reconstruction methods, including PICCS and MBIR, can reduce image noise and improve image quality compared to reduced-dose images reconstructed with FBP alone or ASIR. PICCS and MBIR even reduce image noise below the level of the standard-dose series. However, even with these reconstruction techniques, there is still a decrease in 2D and 3D image quality for reduced-dose compared to standard-dose images. While this study is not powered to thoroughly assess for differences in polyp conspicuity, the limited data here suggests that polyp conspicuity on RD-PICCS and RD-MBIR is closer to that of the standard dose than RD-ASIR and RD-FBP. These findings suggest that sub-mSv CTC may be feasible; however, further studies with polyp detection and characterization at these doses are warranted. 1.5 *The specific protocol for the accompanying low-dose series was derived by adjusting the noise index (NI)/slice thickness pairing (and mA range) to allow for a targeted 70-90 % dose reduction (by DLP) relative to the Bstandard-dose^series.
